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ABSTRACT 


Ion  exchange  reactions  were  used  to  substitute  divalent  and  tri valent 
nations  Bar  the  entire  aodiun  ion  content  of  sodium  beta"  alumina.  A  wide 
range  of  divalent  end  tri  valent  beta"  aluminas  were  synthesised  which  exhi¬ 
bited  conductivities  much  greater  than  any  other  divalent  cr  tri  valent  solid 
electrolyte  in  the  300-400%  range.  The  nul ti valent  beta"  aluninas  greatly 
extend  the  opportunities  for  electrochemical  sensors  based  an  solid  electro¬ 
lytes. 

i.  introduction 

The  phenomenon  of  high  cationic  conductivity  in  solids  has  been  largely 
confined  to  materials  Which  transport  monovalent  cations  such  as 
UaT  ,Ia  ,K  ,Ag  and  H  .  Numerous  studies  have  established  -that,  these  solids 
are  capable  of  achieving  appreciable  conductivities  (10"J  chif  an  )  in  the 
tenperature  range  25  to  300%.  In  contrast,  divalent  cation  aonduction  is  a 
process  v*iich,  if  it  occurs  at  all,  is  observed  at  elevated  tenperatures . 
Even  beta  alunina,  a  structure  Which  is  a  versatile  and  conductive  host  to 
many  monovalent  cations,  exhibits  very  limited  divalent  cation  transport  (1). 
Thus,  we  were  surprised  to  discover  that  beta"  alunina  is  an  excellent  host 
for  divalent  aation  conduction  (2).  A  variety  of  divalent  beta"  aluninas  have 
been  synthesized,  and  all  of  the  oorpoeitions  possess  conductivities  of  at 
least  10-J  dhtf1  an”1  at  300°C.  These  values  are  substantially  greater  than 
that  reported  for  any  other  divalent  solid  electrolyte  in  this  tenperature 
range. 

The  ability  of  the  beta”  alumina  structure  to  permit  rapid  divalent 
cation  motion  demonstrates  that  the  phenomenon  of  fast  ion  transport  in  solids 
is  not  restricted  to  selected  monovalent  cations.  In  fact,  recent  results 
indicate  that  the  beta"  aluninas  are  also  capable  of  supporting  tri  valent 
cation  notion.  The  advent  of  these  materials  greatly  extends  the  range  and 
possibilities  of  electrochemical  sensors  based  on  solid  electrolytes.  In  this 
pepsr  we  review  the  synthesis,  properties  and  structure  of  this  new  family  of 
oompouids.  Although  some  of  this  work  was  published  in  a  previous  paper  (3), 
we  will  enfhasice  the  mare  reoant  results  on  thermodynamics,  structure  and 
transport  properties. 


II.  mVAIfNT  BETA"  ALUMINAS 


A.  Preparation 


The  divalent  beta"  aluninas  cure  derivatives  of  sod  inn  beta"  alumina  in 
which  the  entire  sodiun  ion  content  has  been  replaced  by  divalent  cations^ 
The  materials  were  prepared  by  the  ion  exchange  of  single  crystals  of  Na 
beta"  alunina  using  appropriate  molten  salts.  The  starting  crystals  were 
grown  by  a  flux  evaporation  method  and  possessed  aenpositions  of  about 
Na.  fi7Al.n  r*°i7  88  det®™*11®*3  toy  analysis,  tediochemical 

ana/ar  gravimetricn*thods  were  used  to  determine  the  extent  of  ion  exchange. 
The  weight  change  was  consistent  with  the  concept  that  tw>  sodium  ions  were 
replaced  by  one  divalent  ion; 

^l^  “30.67  Mio. 33  °17  +  °*®4m2+  “  *\).84  ^0.67  ^10. 33  °17  +  1,67Na 
Specific  aspects  of  the  experimented  procedures  were  described  previously  (3). 


A  variety  of  divalent  beta"  aluminas  have  been  synthe|ized2with  gitposi- 
tians  based  co  divalent  cations  from  Groups  Ha  (Ca2  ,  Sr/  ,  Ba2  ),  lib 
(Zn  ,  Cfl,  HgZ+),  IVa  (Sn,Pfc>)  and  VI  lb  (Mi2) .  The  preparation  of  these 
materials  was  generally  quite  direct,  although  some  difficulties  did  arise 
when  high  vapor  pressure  salts  or  mixed  valences  were  involved  (3).  Experi¬ 
mental  conditions  for  achieving  ocnplete  divalent  ion  exchange  are  listed  in 
Table  1  for  some  representative  compounds.  The  rate  of  ion  exchange  ves  usu¬ 
ally  quite  rapid,  an  indication  of  fast  divalent  cation  motion.  Gbrplete 
exchange  generally  occurred  much  sooner  than  the  conditions  listed  in  Table  1. 
Fbr  example,  Pd2+  .S'2  and  Ba2  beta"  alunina  appositions  were  producg 
after  a  1  hour  inmersion  in  their  respective  salts  at  55CTC.  Qxiplete 
replacement  was  observed  after  only  15  minutes  in  molten  SbCl.  at  500  C.  The 
rate  of  ion  exchange  has  been  used  to  determine  the  diffusion  coefficient  for 
some  divalent  cations  (Section  II. D).  In  addition  to  rapid  divalent  cation 
replacement,  we  also  fovnd  that  the  exchange  reaction  vos  fully  reversible. 
Divalent  beta"  aluminas  were  re-exchanged  back  to  the  sodium  iscmorjh  vhen 
immersed  in  a  NaCL-NaNO,  melt  under  similar  exchange  conditions  as  the 
divalent  ion  exchange  J(2).  Finally,  it  is  important  to  distinguish  between 
the  exchange  characteristics  of  beta  and  beta"  alunina.  As  first  reported  by 
Yao  arxJ  Warmer  (1),  divalent  ion  exchange  in  beta  alunina  is  a  slew  process 
which  generally  results  in  partial  replacement.  The  very  different  response 
of  beta  and  beta"  aluninas  to  divalent  ion  motion  reflects  the  particular 
transport  mechanisms  operable  in  these  structures  (3,4). 


B.  Thermodynamics  of  Ion  Exchange 


The  ability  to  easily  synthesize  the  divalent  aenpositions  and  the 
reversibility  of  these  reactions  has  led  us  to  investigate  the  thermodynamics 
of  the  ion  exchange  process.  The  only  previous  work  in  this  area  is  that  of 
Yao  and  Warmer  (1)  rJho  considered  the  Na+  —*  K  exchange  in  beta  alumina. 
Griep  et  al .  (5)  recently  considered  the  monovalent  to  divalent  exchange  in 
beta”  alunina  .using  KT  and  Na+  beta"  aluninas  as  the  starting  materials  for 
synthesizing  Cd2  and  Pb2  beta"  aluninas.  The  standard  free  energy  for  the 
exchange  reaction  was  calculated  at  various  melt  aenpositions  by  determining 


the  difference  in  chemical  potentials  for  the  ionic  species  in  both  the  liquid 
and  solid  phases*  This  approach  is  rather  different  from  that  of  Yao  and  Kun- 
mer  those  exchange  reaction  inplied  that  substantial  chanical  changes  were 
occurring  in  the  melt  during  ion  exchange.  In  actuality,  there  is  a  large 
excess  of  melt  during  the  ion  exchange  treatment  and  the  melt  aanpo6ition  is 
virtually  unaffected  by  the  exchange  process.  Thus,  the  chemical  potential 
approach  more  closely  follows  the  experimental  aspects  of  ion  exchange. 

The  values  for  the  standard  free  energy  of  ion  exchange  were  found  to  be 
in  the  range  of  -8000  to  -15,000  cal /mole  at  -  IOOCPk  and  indicate  that  there 
is  a  strong  thermodynamic  driving  force  for  oaiplete  divalent  ion  replacement. 
(5)  Chemical  potentials  calculated  for  Eb  in  the  2C  — ►  Ft*  exchange  are 
shown  in  Pig.  1.  The  large  chanical  potential  gradient  explains  %hy  this 
exchange  occurs  so  readily,  then  a  crystal  of  K+  beta"  altanina  is  inmersed  in 
PbCl2,  Et>  will  tend  to  diffuse  fron  high  chemical  potential  (the  liquid)  to 
low  i  the  solid).  The  process  continues  in  til  equilibrium  is  attained,  i.e. 
the  same  chemical  potential  for  Pb  in  both  liquid  and  solid  phases.  It  should 
be  recognized  that  there  are  no  kinetic  barriers  to  divalent  ion  motion  at 
these  temperatures  (Section  Il.d) ,  thus  enabling  the  exchange  reaction  to 
proceed  to  equilibrium.  The  good  agreement  for  the  chemical  potentials  shewn 
in  Fig.  1  for  Pb  in  the  melt  and  solid  phases  serves  to  verify  the  calcula¬ 
tion  method  used  in  the  analysis. 
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Table  1 


Conditions  for  Ocnplete  Divalent 
Ion  Exchange  in  Beta"  Alumina 


Melt  Composition  (irt>le% ) 

Temperature  { Pc) 

Time  (hr) 

47Sr{No3)2-53SrCl2 

550 

20 

62Ba(N03)2)-38Baa2 

550 

20 

aaci2 

600 

20 

Hgci2 

280 

25 

a»a2 

500 

0.5 

PbCl2 

525 

20 

Table  2 


Ionic  Distributions  in  Multivalent  Beta"  Aluninas(6) 


Ion 

Ionic  tedius(A) 

C(A) 

Occ(6c) 

Occ(6c* ) 

0cc(9d) 

Zn2+ 

0.74 

33.517 

30.7% 

25.0% 

10.3% 

Cd2+ 

0.95 

33.146 

26.3 

19.3 

17.1 

Ca2+ 

1.00 

33.270 

33.8 

16.5 

14.9 

msM 

1.18 

33.720 

20.4 

12.7 

17.5 

Pb2+ 

1.19 

33.967 

46.3 

33.7 

2.8 

Ba2+ 

1.35 

34.084 

55.0 

8.8 

- 

Gd3+ 

0.94 

33.134 

1.4 

- 

18.8 

C.  Structure  of  Divalent  Beta"  Aluninas 


Thomas  and  co-workers  (6)  recently  eaipleted  single  crystal  x-ray  dif¬ 
fraction  studies  for  several  divalent  beta"  aluninas  (CaZ  ,  Srz  ,  Ba2  ,  Pbz  , 
Zn  ; .  fte  fined  occupations  at  the  6c  (BR-type)  and  9d(  (nO-type)  sites  were 
found  to  be  quite  different  across  the  series  (Table  2).  The  authors  noted 
that  some  degree  of  non-oantroaywnetry  existed  in  all  of  the  divalent  oon»- 
potnds.  This  feature  is  rtiown  by  the  difference  in  the  site  occupation  of 
adjacent  6c- si  tea,  i.e,  6c  and  6c’  (Table  2).  When  the  occupation  ratio. 
occ(6c)/occ(6c' ) ,  is  close  to  unity,  the  |pric+distribut^on  approaches  aen- 
troeymmetry.  This  situation  occurs  with  Znz  ,Cdz  _and  ftr  beta"  aluninas. 
Ions  with  the  greatest  asynmetry,  Sr2  and  BaZ  ,  also  possess  the  largest 
mid-acygen  (nQ)  occupation.  This  is  apparently  not  related  to  an  ionic  size 
effect.  Sr  beta"  alunina  exhibits  a  large  mid-oxygen  occupation  (17.5%) 
aonpared  to  that  of  FbZ+  beta"  alunina  (2.81).  debits  the  fact  that  the  ionic 
radii  for  these  two  ions  are  within  5%.  The  authors  proposed  that  both  the 
degree  of  aoentricity  as  well  as  the  mid-cxygen  occupation  were  important  con¬ 
siderations  in  the  transport  behavior  of  the  various  divalent  cations.  In 
addition,  they  suggested  that  the  variation  in  c-axis  lattice  parameter  (Table 
2)  was  related  to  the  degree  of  disorder  io  the  position  of  the  0(5)  column 
oxygen.  The  c-axis  value  is  a  minimum  for  Cdz  compounds  and  then  expands  for 
both  the  smaller  Zn2+  ion  as  well  as  for  larger  ions  such  as  Ba2+  and 
(3).  These  structural  studies  are  significant  in  that  they  represent  the 
first  attempt  to  identify  the  structural  factors  thich  enable  divalent  cations 
to  diffuse  so  much  more  rapidly  in  beta"  alunina  than  in  any  other  host 
material. 


D.  Transport  Properties 


A.C.  conductivity  measurements  have  been  made  cn  the  various  divalent 
beta"  aluminas.  Mast  of  the  compositions  are  within  the  range  of  values  shown 
for  CaZ  ,  Sr2  and  Ba2  beta"  aluninas  (Fig.  2).  These  conductivities  (10-z 
to  10-J  ohm”1  an-1  at  300°C)  are  substantially  greater  than  that  of  any  other 
divalent  solid  electrolyte  (7) •  Although  these  divalent  acnpoirris  are  not 
nearly  as  conductive  as  Na+  beta"  alunina.  there  is  one  divalent  composition 
which  does  exhibit  considerably  greater  conductivity.  The  conductivity  of 
F*>  beta"  alunina  at  40°C  is  10J  times  larger  than  the  other  divalent  beta" 
aluninas  and  only  slightly  less  than  the  Na+  iscrorph.  In  addition,  the  con¬ 
ductivity  for  both  Na+  and  Ffc>  compositions  is  virtually  identical  over  the 
temperature  range  0  to  -90°C. 


The  exceptional  conductivity  for  R>  ions  in  beta”  alunina  is  not  alto¬ 
gether  unexpected.  Among  the  classical  .halide  salts,  the  only  divalent  cation 
to  have  a  measurable  diffusivity  is  Ftr+  (in  R>I_  and  Rd.)*  Nonetheless, 
the  values  in  these  solids  are  acme  10*  times  less  than  that  of  R>2  in  beta" 
alumina  (at  SOOflc)  and  underscores  the  unique  transport  behavior  of  the  beta" 
alunina  structure.  The  high  electronic  polarizability  of  the  R>2  ion  is 
undoubtedly  beneficial  for  ion  transport.  Furthermore,  the  nuneroue  electron 
shells  of  the  RD2  ion  may  effectively  screen  the  nucleus  and  reduce  the 
strength  of  the  long  range  ooulanbic  interactions  between  Rr  and  the  sur¬ 
rounding  anions  and  vacancies  (7).  Finally,  the  recent  structural  evidence 
suggests  that  the  tfiort  range  structure  in  Fb2  beta”  alunina  is  the  most 


i? 


favorable  one  for  divalent  cation  notion  (6). 

All  of  the  conductivity  measurements  to  date  involve  a.c.  impedance 
techniques  %4iich  are  not  ion  specific .  lb  verify  that  ion  transport  in  the 
divalent  beta"  aluninas  is  fran  divalent  cation  notion,  ionic  diffusion  during 
the  ion  exchange  process  was  investigated,  tediotracer  techniques  with  Sr2 
(7)  and  gravimetric  methods  with  Znz+  (8)  were  used  to  obtain  diffusion  coef¬ 
ficients  for  these  divalent  cations  in  beta"  alumina,  in  both  oases,  the 
exchange  data  was  used  to  construct  a  profile  of  ion  concentration  as  a  func¬ 
tion  of  time,  thus  permitting  a  diffusion  coefficient  to  be  calculated.  The 
diffusion  coefficients  were  inserted  into  the  Nems t-Einste in  equation  to  pro¬ 
duce  calculated  values  for  the  ionic  conductivity  at  the  ion  exchange  tempera¬ 
ture.  The  agreement  between  these  calculated  values  and  the  conductivity 
values  extrapolated  frcrn  a.c.  inpedance  measurenents  is  quite  good  and  serves 
to  demonstrate  that  divalent  cation  motion  in  beta"  aluminas  is  sufficiently 
rapid  to  account  for  the  observed  conductivities. 

Another  interesting  set  of  measurements  has  been  performed  on  mixed 
rrcrovalerit -divalent  beta  and  beta"  alumina  garpositions.  Ni  et  al.  (9)  inves¬ 
tigated  the  effect  of  various  amounts  of  Caz  an  the  conductivity  of  mixed 
Na  -  Ca  beta"  aluninas.  They  found  that  even  snail  concentrations  of  Caz+ 
dominated  the  conduction  process.  Single  crystals  with  as  little  as  10%  Ca2+ 
replacement  suffered  a  loss  in  conductivity  of  over  10.  It  is  interesting  to 
note  that  these  slightly  exchanged  ocrnpositions  exhibited  conductivities  com¬ 
parable  to  fully  exchanged  Caz*  beta"  alumina.  The  mixed  monovalent -divalent 
beta  aluninas  show  distinctly  different  behavior.  Studies  of  Na+  -  Cd2  beta 
alunina  indicate  that  the  conductivity  actually  increases  as  Cd2+  replaces 
Na  .  However,  in  the  range  36  to  39%  Na+  replacement,  a  large  and  sudden 
decrease  in  conductivity  occurs  with  a  corresponding  increase  in  the  activa¬ 
tion  energy  for  conduction.  These  effects  are  associated  with  a  change  in  the 
Nb+  migration  process,  from  an  interstitialcy  to  a  vacancy  mechanism  (10,11). 

T.  (°C) 

700  200  50  0  -50-75  -100  j 

3 1  i — i  i  M  i — i — i  n  i 


:  No  Btto*  Alumino 
:  Pb  Btto*  Alumino 
••  Co  Btto’  Alumino 
:  Sr  8t»0*  Alumino 
'  Bo  Btto*  Alumino 

I  I  1 _ I _ L 

2.0  3  0  4 

1000/  T  (K 


Conductivity  of  divalen 
beta"  aluminas  ccrpared 
to  Na+  beta"  alumina 


III.  TRIVALENT  BETA**  ALUMINAS 


\jte  have  recently  found  that  tri valent  cations  can  also  be  exchanged  for 
the  Na+  ions  in  sodium  beta"  alumina.  (12)  In  this  case  the  exchange  reaction 
involves  the  replacement  of  3  sodium  ions  by  one  tri  valent  cation: 

**1. 67*3. 67^10. 33°17  +  0,56r3+  “  56^.67^10. 33°1 7  +  1,67Na+ 

Typical  conditions  for  exchange  are  listed  in  Table  3.  All  of  the  tri  valent 
ions  undergo  substantial  exchange  and  complete  replacement  (or  within  5%)  has 
been  achieved  for  GdJ  ,  Nr  and  EU3  .  These  results  clearly  demonstrate  that 
the  beta"  alumina  structure  is  capable  of  supporting  trivalent  cation  motion. 
X-ray  diffraction  analysis  indicates  that  the  beta"  alumina  structure  is 
retained  after  exchange.  Detailed  results  from  single  crystal  X-ray  diffrac¬ 
tion  of  Gd3+  beta"  alumina  shows  that  the  GdJ+  ions  essentially  occupy  only 
the  mid-oxygen  sites.  (13)  The  Gd3  ion  is  strongly  bound  to. its  oxygen 
neighbors,  and  the  0(5)  aolumn  oxygens  are  displaced  towards  the  Qo  ions  by 
~  o.SA.  The  bound  nature  of  Gd3  is  consistent  with  our  preliminary  conduc¬ 
tivity  values  for  this  exposition,  i.e.^  a  rather  low  conductivity  at  room 
temperature  (less  than  10”11  ohm”  an) .  At  higher  temperatures ,  however, 
the  trivalent  ions  are  quite  mobile  (Fig.  3).  Although  the  conductivity  of 
the  trivalent  species  is  less  than  that  of  divalent  or  monovalent  ions,  its 
conductivity  is  still  comparable  to  that  of  stabilized  zirconia.  The  higher 
activation  energy  for  Gd3  motion  is  expected  because  of  the  increased  diffi¬ 
culty  of  transporting  an  ion  of  greater  valence.  Nonetheless,  we  know  of  no 
other  oarpounds  which  permit  trivalent  cation  notion  at  these  temperatures 
and,  at  this  time,  the  trivalent  beta"  aluminas  appear  to  be  the  first  cry¬ 
stalline  solids  to  posses  high  conductivity  for  trivalent  cations. 

IV.  CONCLUSIONS  AND  PROSPECTS 

The  ion  exchange  studies  clearly  establish  that  the  phenomenon  of  fast 
ion  transport  in  solids  is  not  limited  to  monovalent  cations  but  can  be  demon¬ 
strated  by  multivalent  ions  as  well.  It  is  not  known  if  beta"  alumina  is 
unique  in  this  regard  or  whether  other  expounds  can  also  support  rapid  tran¬ 
sport  of  multivalent  aations .  What  is  significant  technologically  is  that  the 
multivalent  beta"  aluminas  greatly  extend  the  possibilities  for  ion  sensors 
based  on  solid  electrolytes  to  a  range  of  ions  which  were  previously  unavail¬ 
able.  It  ahouild  also  be  appreciated  that  the  host  structure,  beta"  alumina, 
is  very  well  suited  for  sensor  applications .  The  material  possesses  excellent 
thermal  and  chemical  stability,  and  maintains  its  performance  in  aorrosive 
environments.  High  quality  beta"  alumina  ceramics  are  fabricated  routinely 
and  initial  efforts  to  prepare  polycrystalline  divalent  beta"  aluminas  have 
been  successful  (14).  The  unusual  combination  of  properties  offered  by  the 
multivalent  beta"  aluminas  including  thermal  stability,  chemical  durability 
and  fast  ion  transport,  strongly  suggests  that  novel  sensors  based  an  the  mul¬ 
tivalent  beta"  aluminas  should  be  actively  explored. 
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Table  3 


Tri valent  Ian  Exchange  Conditions 


on  Melt  Ctnyosition 
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%  Exchange 
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Fig.  3  Conductivity  of  monovalent 
divalent  and  tri valent 
beta"  aluninas  oonpared  to 
stabilized  ziroonia 
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